ABSTRACT ADP influx and ADP phosphorylation may alter mitochondrial free [Ca 2þ ] ( 
INTRODUCTION
Matrix free Ca 2þ ([Ca 2þ ] m ) may play a major role in regulating mitochondrial function. Studies have shown a correlation between increased bioenergetics and increased [Ca 2þ ] m (1) (2) (3) (4) (5) (6) . However, excess [Ca 2þ ] m predisposes the mitochondria to form and open the permeability transition pore (mPTP) (7) (8) (9) (10) (11) , a key factor in cell apoptosis; inhibition of mPTP formation reduces ischemia-reperfusion injury (12) (13) (14) (15) (16) (17) . The importance of [Ca 2þ ] m in both physiological and pathological conditions implies a necessity to tightly regulate [Ca 2þ ] m . [Ca 2þ ] m is regulated in part by voltage-dependent cation fluxes via a series of poorly identified cation channels and exchangers on the inner mitochondrial membrane (IMM) (7, 8, 10, 18) . The primary route for matrix Ca 2þ uptake is via the ruthenium-red (RR)-sensitive Ca 2þ uniporter (CU), whereas the principal Ca 2þ efflux pathway is the Na þ / Ca 2þ exchanger (NCE). There may also be Ca 2þ efflux through a Na þ -independent Ca 2þ exchanger (NICE), putatively a Ca 2þ /H þ exchanger (CHE) (19) (20) (21) (22) . Transport through the CU and NCE are dependent on the mitochondrial membrane potential (DJ m ), whereas the CHE is thought to be concentration-, and not DJ m -dependent (21, 23, 24) . Several independent studies have shown a correlation between a larger DJ m and a higher [Ca 2þ ] m (10, 22) . In measuring [Ca 2þ ] m , we observed an increase in [Ca 2þ ] m with no added buffer CaCl 2 during state 3 respiration, a state in which DJ m is decreased. This paradoxical increase in [Ca 2þ ] m implies a mechanism other than DJ m in modulating [Ca 2þ ] m . We tested five mechanisms that might play a role in this phenomenon:
The first mechanism that might explain an increase in [Ca 2þ ] m is allosteric activation of the CU by ADP to increase [Ca 2þ ] m (25) . As ADP becomes phosphorylated, allosteric activation would decrease as [ADP] falls and [Ca 2þ ] m would return to the preexisting level. A second mechanism is that ADP phosphorylation might also induce a large matrix volume contraction, thereby raising [Ca 2þ ] m . A third possible mechanism is modulation of [Ca 2þ ] m by precipitation of free Ca 2þ with P i , such as Ca 3 (PO 4 ) 2 (26) . The complexing of Ca 2þ with P i is dependent on the product of concentrations of different species of P i and Ca 2þ . Thus, a decrease in matrix [P i ] would facilitate an increase in [Ca 2þ ] m . In this situation, matrix [P i ] would be lower during state 3 respiration, as P i becomes phosphorylated to ADP. After phosphorylation of ADP, matrix [P i ] would increase to near the level before phosphorylation, as Ca 2þ would again form a complex with P i .
A fourth possible mechanism is that the increased [Ca 2þ ] m results from basic physicochemical differences, i.e., different binding affinities (K d ) of ADP and ATP for Ca 2þ (27) . These differences in K d predict an increase in [Ca 2þ ] m whenever the mitochondrial ADP/ATP ratio increases, and vice versa. Since ATP, ADP, and P i bind variably to other cations (e.g., Mg 2þ and H þ ) as well, a change in concentration of these ions may also result in a significant change of free ATP, ADP, and P i ( 
MATERIALS AND METHODS

Fluorescence measurements
Fluorescence spectrophotometry was used to measure matrix free Ca 2þ , NADH, pH, and DJ m (Qm-8, Photon Technology, Birmingham, NJ) (28) (29) (30) . Isolated mitochondria (5 mg/ml) were incubated for 20 min at room temperature (25 C) with 5 mM indo-1 AM to measure [Ca 2þ ] m or with 5 mM BCECF AM to measure pH m (Invitrogen, Carlsbad, CA) followed by suspension in 25 ml isolation buffer and repeated centrifugation at 8000 Â g. The AM form of the dyes is taken up into the matrix where it is deesterified and retained. The dye-loaded pellet was resuspended in 0.5 ml isolation buffer, and protein concentration was measured again and diluted to 12.5 mg mitochondrial protein/ml. In other mitochondria, background autofluorescence (AF), which at 456 nm represents NADH (redox state), was measured and DJ m was determined using rhodamine (Rh) 123. Mitochondria were kept on ice for the duration of the studies. All studies were conducted at room temperature. Please refer to the Supporting Material for detailed information on methods to assess matrix and extramatrix [Ca 2þ ] m and Mg 2þ , redox state, matrix pH, DJ m , matrix volume, and respiration.
Experimental groups and protocol
Guinea pig heart mitochondria were isolated (see Supporting Material) as described previously (31, 32) and diluted (33) . Isolated mitochondria were divided into seven treatment groups: control (CON, 5 mM P i ), high P i (HP, 10 mM P i ), low P i (LP, 1 mM P i ), RR at start (RRS), RR later, after CaCl 2 addition (RRL), and OMN or CATR, each given at t ¼ À120 s (Fig. 1) . The CON mitochondria were suspended (0.5 mg/ml) in experimental buffer containing (in mM) 130 KCl (EMD Biosciences, San Diego, CA), 5 K 2 HPO 4 , 20 MOPS, 0.016 bovine serum albumin, and 0.04 EGTA, pH 7.15 (adjusted with KOH). To adjust for osmolarity, the HP and LP experimental buffers were adjusted to contain 123 mM KCl and 10 mM K 2 HPO 4 (HP) or 136 mM KCl and 1 mM K 2 HPO 4 (LP). MOPS, BSA, and EGTA concentrations and pH were the same for all groups. In the RRS group, 25 mM RR was added to the CON experimental buffer before energizing mitochondria. In the RRL group, 25 mM RR was added after the addition of CaCl 2 . In the OMN and CATR groups, 100 mM OMN or 1.3 mM CATR was added before energizing mitochondria. In selected studies, 1 mM MgCl 2 was present while the CaCl 2 and ADP were added (see Supporting Material).
Experiments were initiated at t ¼ À120 s, when OMN, CATR, and RR were added to comprise the OMN, CATR, and RRS groups; at t ¼ À90 s, mitochondria were added (Fig. 1) . At t ¼ 0 s, pyruvic acid (PA, 0.5 mM) was added, followed by either of two concentrations of CaCl 2 (10 or 25 mM in deionized H 2 O) or vehicle (0 CaCl 2 ) at t ¼ 120 s. At t ¼ 180 s, RR was added to the RRL group. At t ¼ 240 s, ADP (250 mM) was added, followed by 4 mM of the protonophore carbonylcyanide m-chlorophenylhydrazone (CCCP) at t ¼ 400 s to maximally depolarize the IMM. All buffers and reagents, including substrates, were Na þ -free to prevent NCE activation. Inactivity of the NCE was verified by comparing data from experiments with and without added CGP-37157, a specific mitochondrial NCE inhibitor (data not shown). When no drug or CaCl 2 was added, the appropriate vehicle was added to the mitochondrial suspension. All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless noted otherwise.
Statistical analyses
All data are presented as the mean 5 SE. Repeated-measures ANOVA followed by a post hoc analysis using Student-Newman-Keuls' test was performed to determine statistically significant differences between and within groups. Data for analysis were collected at the times noted above. A P value of <0.05 (two-tailed) was considered significant. (Fig. 3) , which took place via the CU, as verified again by the nearly complete block in response to RR (Fig. 3 C) ] m remained evident, although it was much smaller (note scale) after adding 25 mM CaCl 2 . In the right column, for P < 0.05, # indicates state 3 versus states 2 and 4 respiration; * indicates RRL and RRS versus the CON group at the same respiration state and CaCl 2 .
RESULTS
Extramatrix
Biophysical Journal 99 (4) ] m after adding ADP did not differ among the P i groups.
In a few studies, 1 mM MgCl 2 was added to the buffer (Fig. S1 A in through the CU (Fig. S1 A) .
Effect of ADP versus ATP on mitochondrial matrix volume versus [Ca 2þ ]
Added ADP resulted in a transient volume decrease of 7% (photon count) with a corresponding 51% increase in [Ca 2þ ] m in the 25 mM CaCl 2 group, whereas the maximal volume increase after valinomycin (VAL) was 52% with a corresponding decrease in [Ca 2þ ] m after VAL of only 18% (Fig. S1 B) . ] m when 0, 10, or 25 mM CaCl 2 was added; thus, there was no effect of these drugs on matrix Ca 2þ uptake (Fig. 6) Fig. 7 A) . Adding ADP caused a transient and reversible oxidation of NADH (i.e., a decrease in signal) in all groups, except in the OMN and CATR groups (data not shown), because ADP transport and phosphorylation were blocked in these groups. NADH returned to pre-ADP levels as ADP was phosphorylated to ATP. Table 1 for summary data and statistics on respiration.
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by CATR or when phosphorylation of ADP to ATP was blocked by OMN (data not shown). CCCP maximally depolarized the IMM.
Effect of increasing [Ca 2þ ] m on matrix pH
Matrix pH increased on energizing mitochondria with PA. Adding CaCl 2 had no significant effect on matrix pH compared to vehicle (CON, Fig. 7 C) . Adding ADP acidified the matrix as protons enter the matrix through the F 1 (Fig. 4 ) supports earlier studies (34, 35) (34, 35) . Differences in species, isolation techniques, energy state, buffering capacities, equilibration rate, and measurement and calibration techniques for ionized [Ca 2þ ] could underlie some of the differences.
The small, steady decline in [Ca 2þ ] e after addition of ADP (Fig. 2) (Fig. 4) . This effect of ADP on [Ca 2þ ] m was more than additive at higher [Ca 2þ ] m and is unlikely to be due to activation of the CU by ADP because the ADPinduced increases in [Ca 2þ ] m were not appreciably reduced by RR (Fig. 3) . Although ADP transiently reduced matrix volume, this was not in itself sufficient to account for the much larger increases observed in [Ca 2þ ] m . Further, it is possible that a change in light scattering during state 3 respiration may also arise from a change in mitochondrial shape. Overall, these data suggest that matrix contraction by ADP is not an important factor.
There ] m during state 3 respiration, because these blockers affect ADP/ATP transport as well (39) .
In contrast to [P i ], the differential binding of ADP and ATP to Ca 2þ apparently plays an important role in the ADP-induced increase in [Ca 2þ ] m , as shown by the slight increase of [Ca 2þ ] m in the OMN versus the CATR group. The lack of an increase in [Ca 2þ ] m on ADP addition after ] m . Another possible explanation for the ADP effect is release of ionized Ca 2þ from proteins similar to calsequestrin, a release mechanism that is observed in the sarcoplasmic reticulum (40) .
To better understand how ATP, ADP, and P i affect [Ca 2þ ] m , it is first necessary to understand how these molecules are taken up into mitochondria and how they differentially bind to Ca 2þ . ADP 3À enters mitochondria via the AAC in exchange for ATP 4À . Since this transport is electrogenic, and constitutes a net influx of one positive charge, it is driven by, and uses the energy of, the DJ m (41) (42) (43) . In the matrix, ADP is phosphorylated to ATP by the F 1 F 0 ATP-ase, a process driven by proton flux into the matrix. The P i carrier is responsible for electroneutral cotransport of P i
, which is driven by the proton gradient, DpH (44-46).
Phosphorylation of ADP and dephosphorylation of ATP are dependent on the mitochondrial bioenergetic state (e.g., DpH) and ATP utilization by the cell, respectively. ADP levels rise in the matrix when extramatrix ADP is added and the ATP that is formed is ejected rapidly from the matrix by the AAC; matrix ADP levels remain elevated until all ADP is phosphorylated to ATP (4, 47) . It is important to note that the dissociation constants (K d s) for ATP and ADP (Table S1) (Fig. 4) and DpH decreases (Fig. 7 C) .
Another possible factor for the ADP-induced increase in [Ca 2þ ] m is the change in pH upon ADP addition. During state 3 respiration, pH m decreases, albeit slightly (Fig. 7 C) ] m is insufficient to produce a significant decrease in the H þ buffering capacity of the matrix. Otherwise, it is likely that an increase in proton expulsion coupled to electron transfer corrected for this increase in [H þ ] m , as respiration was slightly increased by CaCl 2 addition. We have shown in preliminary experiments (unblocked NCE) that pH decreases with the addition of higher [CaCl 2 ] (50 or 100 mM) (J. Haumann, A. Camara, and D. Stowe, unpublished observations). This decrease in pH was not blocked by cyclosporin A, an mPTP inhibitor, indicating that mPTP opening did not cause the acidification.
SUMMARY AND CONCLUSIONS
To our knowledge, the up to twofold increase in [Ca 2þ ] m during oxidative phosphorylation under conditions of blocked CU and inactive NCE has not been reported previously. This study demonstrates the importance of changes in 2þ -induced changes in DJ m or NADH, but we found a small decrease in RCI, indicating slight uncoupling. The evidence that DJ m and NADH were not different in the OMN and CATR groups suggests that the changes observed resulted from an altered buffering effect due to differences in the ADP and ATP concentrations or to release of Ca 2þ from stores, and less from increased Ca 2þ influx through stimulation of the CU, or decreased Ca 2þ efflux through NCE.
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